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INTRODUCTION
Aquatic ecologists have a long-standing interest in the interplay between the environments they focus on and surrounding terrestrial ecosystems. These studies reflect the recognition that terrestrial and aquatic systems are closely linked by the flows of materials and energy, and through their joint use by resident species (e.g., Gill 1978 
1982, Hill et al. 1995, and Werner and Glennemeier 1999 for exceptions).
In this study we are concerned with impacts of terrestrial vegetation on amphibians within freshwater ponds. In eastern North America, ponds surrounded by early successional habitats can be completely unshaded by terrestrial vegetation while ponds located in mature forests can have forest canopy over the entire basin. The results of a long-term survey show that many amphibian species are absent from closed canopy ponds, and that extinction of populations is associated with canopy overgrowth (Skelly et al. 1999 ). For most species, canopy overgrowth is linked with a high probability of population extinction. For relatively few species, there is a high likelihood of persistence in closed canopy ponds.
We chose to focus on two species characteristic of canopy generalists and open canopy specialists. Wood frogs (Rana sylvatica), and spring peepers (Pseudacris crucifer), are widely distributed across eastern North cies from closed canopy environments could result from adult breeding preferences. Alternatively, larval amphibians can be highly sensitive to environmental gradients (Smith 1983 , Skelly 1995 . Larval amphibians could be eliminated from closed canopy ponds because they are unable to grow and develop to metamorphosis.
Below, we evaluate three hypotheses related to the role of larval performance in limiting distributions across the gradient of forest canopy: (1) relative to open canopy ponds, ambient conditions in closed canopy ponds lead to depressed rates of growth, (2) the impact of canopy on performance is unequal among species such that species known to persist in closed canopy ponds are less affected by closed canopy conditions, and (3) the impact of closed canopy on larval amphibians is solely the result of abiotic conditions (e.g., lower temperature and dissolved oxygen) that limit performance.
We evaluated these hypotheses in field and common garden experiments. In the field experiment we transplanted larvae of canopy generalist and closed canopy specialist species into open and closed canopy ponds. In the common garden experiment, larvae of the same species were brought into a common environment and exposed to water and benthic substrates from the same set of open and closed canopy ponds. The role of abiotic factors was assessed two ways by taking advantage of variation in forest canopy among natural ponds, and by using the common garden to equilibrate physical conditions. In the field experiment we added food to some enclosures to determine whether we could modulate growth rate in the face of prevailing abiotic conditions. As a corollary, by raising larvae in a common environment we were able to assess their response to aspects of open and closed canopy environments in conditions of equal light and temperature, and high concentrations of dissolved oxygen. 
METHODS

Field experiment
We conducted a field experiment in a set of five ponds that varied in degree of canopy cover (Table 1) . All ponds are located at the Yale-Myers Forest (-3500 ha) located in Tolland and Windham Counties in northeastern Connecticut. This experiment was designed to evaluate the performance of wood frog and spring peeper larvae exposed to different canopy conditions in the absence (control) or presence (food added) of an additional food source. In order to estimate overall canopy cover, spherical densiometer (Forestry Suppliers, Jackson, Mississippi) measurements were taken at five locations within a pond basin (N shoreline, E shoreline, S shoreline, W shoreline, and center) and averaged. Three ponds (Blacksmith, Boulder, and Quarry) with high canopy cover (estimates >75%) were classified as closed canopy, while two ponds (Dentist, Morse) with low canopy cover (estimates <25%) were classified as open canopy. All measurements were taken after leaves had leafed out (early May).
The overstory at closed canopy ponds was primarily composed of mature red maples (Acer rubrum) at Blacksmith and Boulder Ponds and of red pine (Pinus resinosa) at Quarry Pond.
Between 11 and 14 May 1997, we placed six 0.64 X 0.64 X 0.71 m open-bottomed enclosures in each pond. Enclosure locations were chosen to be equivalent in depth (-40-45 cm) within and among ponds and to be representative of the conditions within each pond. Enclosures were constructed of wooden frames, had a lower edge of 20 cm wide aluminum flashing, and were covered with black fiberglass window screening (1.5-mm mesh). Enclosures were placed in a rectangular array with no enclosure < 15 cm from its nearest neighbor. In ponds with soft substrates enclosures were pressed directly into the pond bottom. In ponds with rockier substrates, fiberglass screening skirts were added to the lower edge of the enclosures, and the enclosures were sealed by placing rocks around the perimeter of the enclosure base. Immediately after being placed in the ponds, enclosures were cleared by repeatedly dipnetting the water column. Each cage was dipnetted for three 2-min intervals and all macroinvertebrates (e.g., beetle larvae) and vertebrates (tadpoles and salamander larvae) were removed. Following clearing, a lid of fiberglass screening was placed over the enclosure. In each pond, cages were paired with their neighbor to the east or west and treatment, control, or food added, was allocated by a coin flip. Because of staggered breeding phenologies, wood frogs and spring peepers were evaluated sequentially in the same enclosures. In addition, spring peeper larvae are small enough upon hatching to pass through the mesh of field enclosures. Spring peepers to be stocked into the field experiment were reserved in wading pools until they reached a size that prevented them from being able to escape from enclosures.
Wood frogs were collected as eggs on 16 April 1997 from four ponds (two open canopy ponds and two closed canopy ponds; two clutches from each pond). Larvae were reared in wading pools and given access to a mix of senesced deciduous leaves and pelleted rabbit chow. Larvae from different ponds were mixed together and used haphazardly to stock enclosures. Wood frogs were stocked on 15 May (day 0) when 10 larvae (20 ? 1 mg [mean mass -1 SE], median Gosner Stage 25, n = 15) were placed into each of the 30 enclosures. This density was used because it is within the range of naturally observed densities, because it would ensure that enough larvae would be recovered at the conclusion of the experiment to calculate responses, and so that it would be low enough to mitigate the impacts of conspecifics on resources. At 0, 3, 6, 9, and 12 d after stocking, 2 g of pelleted rabbit chow was placed in each food added enclosure. Wood frog tadpoles were collected from all cages 14 d after stocking by dipnetting the water column and removing and sorting through the upper strata of the benthic substrate. Recovered tadpoles were returned to the laboratory, weighed to the nearest milligram, and preserved in 70% EtOH for later determination of Gosner developmental stage (Gosner 1960).
Spring peepers (which lay their eggs singly) were collected as eggs and recent hatchlings from two different open canopy ponds. Larvae were reared in wading pools and given access to a mix of sensesced deciduous leaves and pelleted rabbit chow. Larvae from the two ponds were mixed together and selected haphazardly to stock enclosures. On 2 June, each enclosure was restocked with 8 L of benthic substrate from outside of the enclosures (volume added matched to the volume removed). Each enclosure was dipnetted for three, 2-min intervals and lids were replaced on cages. On 4 June, 10 spring peeper larvae (89 ? 10 mg, median Gosner Stage 33, n = 15) were stocked into each enclosure. Methods of food addition and takedown were identical to the the wood frog portion of the experiment with one exception. Because of imminent drying, tadpoles were collected from Boulder Pond (closed canopy) 9 d after stocking. Per day growth rates were calculated and compared with rates from 14-d periods for the rest of the ponds.
Common garden experiment
We performed an experiment in which we raised tadpoles on benthic substrate and water from different ponds brought into a common environment. Tadpoles were from the same stocks as thoge used in the fiefd experiment. Substrate and water were collected from the same ponds as those used in the field experiment and the experiment was run over the same time period (May and June of 1997). The goal of the common garden experiment was to evaluate the performance of wood frog and spring peeper tadpoles given access to resources from ponds that differed in canopy under otherwise similar conditions. Wood frogs were stocked into containers on 19 May. Each container had already received equal amounts of benthic substrate and water from one of five ponds. We collected the upper strata of the benthic substrate near the shore of each pond. In closed canopy ponds, benthic substrates were dominated by senesced deciduous leaves (chiefly Acer rubrum and Quercus rubra), while in open canopy ponds substrates were composed of senesced grass and sedge stems and leaves (e.g., Typha latifolia, Carex stricta, Sparganium eurycarpum). Additionally, we collected water from the open region of each pond. Each of 15 plastic containers (three replicates per pond treatment) was assigned to a pond treatment and given 8 L of water from the appropriate pond and 60 g of damp substrate (prior to being weighed substrate was gently compressed in a systematic fashion). Once placed in a container, substrate was spread throughout, and was sufficient to cover the entire container bottom with a benthic zone composed of multiple layers of vegetation. Containers (39 X 25 X 14 cm) were placed outdoors at the Yale-Myers field research facility on a platform 1.5 m below a layer of shade cloth that reduced incident solar radiation by -50%. Container location was randomized within three spatial blocks on the platform. After placing substrate and water into containers, each was searched carefully and all macroinvertebrates and amphibian larvae were removed.
Into each container we placed three wood frog tadpoles (33 + 2 mg, median Gosner Stage 26, n = 9). Water and substrate were replaced with fresh material 3, 6, 9, and 12 d after initial stocking. Wood frog tadpoles were collected 14 d after stocking and immediately weighed to the nearest milligram. Subsequently, tadpoles were preserved in 70% ethanol for later assessment of Gosner developmental stages.
Because of staggered phenologies, spring peeper larvae (45 + 4 mg, median Gosner Stage 28, n = 9) were stocked into a separate set of 15 containers later than Initally, racks were placed in ponds on 29 April. One rack was tethered to a stake roughly 2 m from the north shore of each pond and a second rack was similarly oriented near the south shore. In situ incubation was concluded on 13 May by retrieving the rack and carefully placing slides in screw top histological vials that held slides upright and separated from one another. Slides were immediately returned to the laboratory where three slides were used to determine periphyton biomass. Periphyton was scraped from these slides and vacuum filtered onto a pre-weighed Whatman GF filter paper that had been dried to constant mass at 80'C. Subsequently, filter papers were again dried to constant mass at 80'C and reweighed. Productivity was ex- Productivity of periphyton was measured during two subsequent assays. Racks and floats were washed, and new slides were placed in racks and deployed as before. The second incubation began on 17 May and slides were retrieved on 2 June. The final incubation began on 29 June and concluded on 14 July. Productivity was measured as before except periphyton from four slides was scrap--d onto each filter paper. Hereafter, the three incubation periods are referred to as early May, late May, and early July.
Composition of periphyton was assayed on two separate slides collected from each rack in the early May assay. At the time of collection, periphyton on these slides was scraped into Lugol's solution and stored in glass vials. Following the method of Marks and Lowe (1989), periphyton samples were examined at 400x, up to 300 cells were counted, and the major taxa within three groups (green algae, diatoms, cyanobacteria) were identified to genus. Major taxa were defined as those representing at least 10% of the cells counted on a slide.
Statistical analyses
Experiments were analyzed using analysis of variance (ANOVA). For all analyses of tadpole responses, per day growth rate (calculated as the enclosure or container mean) was the focal response variable and separate analyses were conducted on each tadpole species. The field experiment was analyzed using canopy and food addition as main factors, and pond as a factor nested within canopy. This last factor allowed us to determine the significance of variation among ponds within canopy categories. Additional analyses of environmental variables (e.g., survival, temperature, periphyton productivity) used a comparable ANOVA structure.
Growth rate responses from the common garden experiment also were analyzed using ANOVA. Canopy was the main factor analyzed and pond was included as a factor nested within canopy.
RESULTS
Field experiment
The average wood frog tadpole more than tripled in body mass during the experiment (Fig. 1, Table 2 ). Both canopy and food addition factors had significant effects on wood frog growth. Wood frogs reared in open canopy ponds grew 90% faster than their counterparts in closed canopy ponds. Food addition was associated with an increase in growth rate; however this effect was larger in open (38% increase) vs. closed (15% increase) canopy ponds. Variation among ponds within canopy treatments was marginally nonsignificant (P = 0.057).
Overall, 68% of wood frog larvae survived to the Spring peeper tadpoles roughly doubled in body mass, on average, over the course of the field experiment (Fig. 1, Table 2 ). Spring peeper larvae stocked into open canopy ponds grew 83% faster than conspecifics stocked into closed canopy ponds. Tadpoles in enclosures where food was added grew 34% faster, on average. There was no evidence that the impact of food addition differed between canopy treatments. There was strong variation in growth among ponds within canopy treatments (P < 0.001).
Sixty-eight percent of spring peeper larvae survived to the conclusion of the field experiment. There were no effects of canopy, food addition, or pond on spring peeper survival.
Common garden experiment
In the common garden experiment, tadpoles were raised for 2 wk in containers in a common environment, each holding water and substrate from one of five different ponds. For each species, there was a significant impact of canopy treatment on growth rate (Fig. 2,  Table 3 (Fig. 5) .
By contrast, measurements of conditions within the common garden experiment revealed alteration of conditions in experimental containers relative to natural ponds (Figs. 3 and 4, Table 4 ). In the common garden setting, temperature was equivalent between canopy treatments. While still differing between canopy treatments, dissolved oxygen concentrations were, overall, substantially higher during the common garden experiments.
Periphyton assays showed that open canopy ponds tended to be more productive than closed canopy ponds (Fig. 6 ). This tendency was weakest in early May samples and strongest in early July samples. Composition of periphyton differed greatly between canopy types (Table 5) In support of our first hypothesis, we found that conditions in enclosures in closed canopy ponds were associated with reduced performance of two local amphibian species. Compared with open canopy ponds, growth rates were nearly halved in closed canopy ponds. Because these species often live in temporary ponds, decline in growth rate can be associated with mortality when ponds dry (e.g., Skelly 1995). Thus, our preliminary evidence suggests significant challenges could be posed by closed canopy environments. The design of our field experiment was directed at uncovering associations between canopy and performance rather than evaluating the role of a specific causal factor. Nevertheless, simultaneous measurement of abiotic and biotic variables among ponds reveals potential mechanisms for the patterns we observed.
Of the several mechanisms by which canopy cover may mediate changes in amphibian growth rates, the most fundamental may be temperature. During our field experiment, we found that water temperatures averaged 5TC warmer in open vs. closed canopy ponds (Fig. 5) The absence of spring peeper larvae in closed canopy ponds led us to speculate that spring peeper larvae might be entirely unable to grow, develop, and survive under closed canopy conditions. Our results indicate that such a straightforward intolerance to closed canopy conditions is not the mechanism underlying the distributional pattern of this species. While we have some evidence of relatively severe impacts of canopy on spring peepers, the two species survived about equally well during two weeks of exposure to field conditions. It is possible that differences in life history between species (e.g., longer larval period of spring peepers) may result in a relative inability of spring peepers to complete metamorphosis prior to drying in temporary, closed canopy ponds. We are currently assessing this hypothesis using larval period length transplant experiments. Alternatively, larvae of the two species may suffer relatively equally from closed canopy conditions. In that case, exploration of the mechanisms underlying adult breeding site choice by the two species may improve our understanding of larval distributions (e.g., Hopey and Petranka 1994, Kiesecker and Skelly 2000).
Finally, we predicted that the impacts of closed canopy ponds might be mediated through abiotic variation. We reasoned that the immediate effects of shading on the abiotic environment in the form of reduced water temperature could provide a sufficient mechanism to explain canopy related effects on larval performance. We used our experiments to conduct two indirect tests of this prediction. The field experiment included a food treatment. Addition of food resulted in increased growth rate for both tadpole species. While the effect of food addition did not entirely erase the decline in growth rate associated with the canopy factor, it showed that a biotic factor could be related to reduced performance in closed canopy ponds. Note however, that while added food substantially improved spring peeper growth in closed canopy ponds, wood frogs were less affected by food addition in this context. The potential importance of biotic variation was further supported by the results of the common garden experiment. Under conditions that reduced or eliminated important abiotic differences between canopy treatments, the effect of canopy remained strong. In particular, reduced growth rate of spring peepers in closed canopy treatments was maintained even when there was no difference in water temperature (correlation between growth rates in the two experiments was strongly positive: n = 5 ponds, r = 0.77). By contrast, for wood frogs the reversal in relative growth rates between open and closed canopy treatments suggests that some variable altered between field and common garden experiments is a strong determinant of growth rate (correlation between growth rates in the two experiments was negative: n = 5 ponds, r = -0.41).
While further work will be necessary to uncover the interactive roles of abiotic and biotic variation there is mounting evidence that factors related to food resource variation may be important (Riha and Berven 1991, Kupferburg et al. 1994 ).
Conclusions
Aquatic ecologists have frequently considered the effects of the terrestrial environment on the systems they study. However, these studies have been dominated by a few themes (e.g., the flow of materials into aquatic environments, the role of terrestrial environments as a matrix for organisms living on aquatic islands). In this study we have evaluated the role of the vegetation surrounding a pond much the same way forest ecologists have studied the role of canopy in driving the regeneration of resident plant species (e.g., Pacala et al. 1996) . The results of our experiments suggest that the vegetation fringing freshwater ponds may have an overriding impact on the distribution and abundance of resident species.
The role of shoreline vegetation may be particularly salient for understanding present-day amphibian dynamics because forest cover has changed dramatically over the last several decades across much of eastern North America (Hart 1968 , Foster 1995 and elsewhere (World Resources Institute 1991). In North America, the pattern of regrowth and the underlying reasons for changes in land use and land cover have been intensively studied. There has, however, been relatively little attention paid to the ramifications of afforestation for freshwater environments and their inhabitants. It is becoming clear that we can expect broadscale changes in the distribution of organisms in small freshwater habitats as forest cover changes. Projecting the potential impacts of forest succession and forest loss will require an adequate understanding of underlying mechanisms by which forest cover impacts freshwater habitats and species.
